In randomized-controlled trials, interim analyses are often planned for possible early trial termination to claim superiority or futility of a new therapy. While unblinding is necessary to conduct the formal interim analysis in blinded studies, blinded data also have information about the potential treatment difference between the groups. We developed a blinded data monitoring tool that enables investigators to predict whether they observe such an unblinded interim analysis results that supports early termination of the trial. Investigators may skip some of the planned interim analyses if an early termination is unlikely. We specifically focused on blinded, randomizedcontrolled studies to compare binary endpoints of a new treatment with a control. Assuming one interim analysis is planned for early termination for superiority or futility, we conducted extensive simulation studies to assess the impact of the implementation of our tool on the size, power, expected number of interim analyses, and bias in the treatment effect. The numerical study showed the proposed monitoring tool does not affect size or power, but dramatically reduces the expected number of interim analyses when the effect of the treatment difference is small. The tool serves as a useful reference when interpreting the summary of the blinded data throughout the course of the trial, without losing integrity of the study. This tool could potentially save the study resources and budget by avoiding unnecessary interim analyses.
Introduction
In randomized-controlled trials, interim analyses are often planned to review the efficacy or safety of the therapeutic interventions. Early termination of the trial may occur due to evidence of superiority or futility of the new therapy based on the interim analysis. To conduct interim analyses, we need to access the data prior to the completion of the trial. Particularly for blinded studies, interim analysis requires unblinding of the treatment allocation and conducting a formal betweengroup comparison [1, 2] . Although unblinded data provide complete information of the observed data, blinded data also contain information about the treatment difference between the groups. For instance, when the observed response rate in the pooled sample is very low at the time of the interim analysis, we know the response rates in both groups are very low. Therefore, there is little chance a significant difference between the groups would be observed and, consequently, a formal comparison is a wasteful expenditure of alpha. Even when response rates are not that small, if the control rate can be reasonably estimated based on previous studies, the blinded data yields a decent estimate of the treatment difference.
There are several data monitoring tools [3] [4] [5] that use blinded data originating in the Bayesian approach for safety monitoring in single arm studies proposed by Thall and Simon [6] . For example, Ball [3] focused on the adverse event rate in the pooled sample and proposed a decision rule based on the posterior distribution of it using the Bayesian approach. On the other hand, our focus in this paper is a blinded data monitoring tool predicting the result of a formal unblinded interim analysis for superiority or futility of a new therapy. The proposed tool works with the hypothesis testing approach. Specifically, we assume that the alpha spending function approach [7] is used as a stopping guideline for superiority in the formal interim analysis. For futility, we assume that the result of stochastic curtailment method is used as a guideline of early stopping [8] . We performed extensive numerical studies to assess the impact of the implementation of the data monitoring tool on the type I error rate, power, expected sample size, expected number of interim analyses to be performed and bias in the treatment effect for both superiority and futility. We illustrated the practical application of our tool, using data from a clinical trial conducted by the ECOG-ACRIN Cancer Research Group. With our tool, investigators may skip some of the planned interim analyses when the result of an interim analysis at that time point is unlikely to support early termination of the trial for superiority or futility. tool could ultimately avoid unnecessary spending of study resources while maintaining scientific integrity of the trial.
Methods
In this paper, we specifically focus on randomized controlled trials comparing binary endpoints, namely response rates, between a new therapy and a control. In the trial, interim analyses are planned for early termination for superiority or futility or both.
Typical procedure of interim analysis
Usually, the interim analysis is implemented at the time when the pre-planned information fraction is reached. For a binary outcome, the total information will be defined as the planned total sample size. . When unblinding the data, we can observe T T ( , ) 1 0 , and formal comparison would be implemented. Depending on the resulting test statistic, or the corresponding p-value or conditional power, we decide whether to stop or continue the trial.
Blinded data monitoring tool
Before breaking the blinded treatment assignment code, we may monitor N T ( , ) from the blinded data. Assume that each T 1 and T 0 follows a binomial distribution with a parameter p 1 for the new therapy and p 0 for the control therapy, respectively. The probability mass function of T , = Pr T t ( ), can be expressed with a mixture of the aforementioned two binomials. Given the allocation ratio during the study −: (1 ) for the new therapy and control respectively, where
With the blinded treatment allocation, if we have enough certainty about p 0 and if the allocation ratio is close to q, we would be able to predict the response rate of the new therapy p 1 . Specifically, if p 0 is a known value, the maximum likelihood estimator of p 1 is obtained by
Then the standardized test statistics for testing the null hypothesis
, where
Utilizing the observed Z b at the interim analysis point, we can predict whether or not the unblinded interim analysis result will meet the stopping criteria for superiority or futility. For superiority, one can then obtain the threshold values of the total number of responders T with respect to each number of subjects N , with which the p-value of the test would meet the prespecified stopping criteria corresponding to the information time at the interim analysis. For futility, one might use a conditional probability as criteria for stopping.
Illustrative example
To illustrate the aforementioned decision criteria, we consider a specific numerical example of a randomized controlled trial comparing response rates between the new and the control therapy. The accrual goal is 135 patients and the mixture proportion of allocation is − =: (1 ) :
for the new therapy and the control, respectively. First, we consider the case for interim analysis expecting early termination only for superiority and consuming type I error rate = α 0.01 at the interim analysis. Under this scenario, the solid curves in Fig. 1 show the thresholds of N and T with various values of p .
0 For example, the blue solid curve corresponds the case that
Using the observed N T ( , ) with blindness maintained, these curves can be a reference to predict how likely the interim analysis result would meet the stopping criteria, if conducted. Specifically, in this example, when the observed N T ( , ) is above the blue curve, we can expect that the result of the interim analysis will support early stopping for superiority for the new therapy. Therefore, if we think that p 0 is very likely to be 0.4, we would conclude that an interim analysis should not be missed at this point.
Next, we consider the case of early termination for futility based on the conditional power less than 0.2. The dashed lines in Fig. 1 show the corresponding N-T curves for futility with various ′ p s 0 . Again, consider the case that
The observed N T ( , ) below the blue dashed curve indicates the conditional power will likely be below 0.2. Thus, if we are confident with a
we would determine the interim analysis should not be missed for potential futility stop. On the other hand, if the observed N T ( , ) is above the blue dashed curve, it may be an option to skip the scheduled interim analysis, if there are no other concerns on the study.
This tool can also be used for the cases that both superiority and futility stoppings are of interest. In those cases, we will use both solid and dashed curves in Fig. 1 . When the observed N T ( , ) is in between solid and dashed lines, the interim analysis result will likely not meet stopping criteria for either superiority or futility. We may skip performing the interim analysis and continue the trial, unless there are other concerns in the study.
In this manner, the proposed blinded monitoring process is helpful for identifying whether it is a good time to conduct interim analysis, preserving the integrity of the study. Appendix 1 provides the computer programs to generate N-T plots with a documented example. 
Simulation studies
We performed extensive numerical studies to assess the impact of the implementation of the proposed blinded data monitoring tool with respect to a randomized controlled design using 2:1 allocation (new therapy:control) and comparison of a binary outcome. We assume that the investigators plan to do one interim analysis when the outcome of 60 patients are available among the planned 135 patients. The overall type I error rate is set to 0.05. We consider that 0.01 of the alpha would be spent at the interim analysis, and then the critical p-value for the second analysis is derived to be 0.0446 by the Hybittle-Peto method [9, 10] . The true response rates of the new therapy p 1 were set to 0.40, 0.50, 0.60, 0.65, 0.70 and 0.80, and the true response rate of the control group p 0 was set to 0.40. The binary outcomes are generated from the binomial distribution with the success probability p 1 for the new therapy and p 0 for the control arm, respectively. Iterating 10000 times, we assessed the overall type I error rate, power, expected sample size, the probability of conducting the interim analysis, the probability of stopping the trial at the interim analysis, and the bias of the treatment effect.
In these simulations, three patterns of early termination criteria were evaluated-1) only for superiority, 2) only for futility, and 3) both for superiority and futility. Within each pattern, four scenarios as outlined below were considered.
• First scenario (Without using our tool)
As a conventional procedure of randomized controlled trials, an interim analysis is conducted at a pre-specified information time. If the result of the interim analysis is significant, we stop the study for superiority of the new therapy. Otherwise, the trial will be continued until full accrual, and the second analysis conducted with the planned sample size.
• Second scenario (Using our tool with a correct p 0 ) At the pre-specified time point in the aforementioned scenario, the decision of whether or not to conduct an interim analysis is made by the proposed blinded data monitoring tool with a correctly specified parameter for the control arm. When our tool suggests an interim analysis should be conducted, the interim data will be unblinded and the interim analysis will be performed as in the first scenario. On the other hand, when our tool suggests skipping the interim analysis, the data will be analyzed only at the end of the trial. In the latter case, since we haven't spent alpha for the interim analysis, the nominal level of the type I error rate is used at the final analysis.
• Other scenarios (Using our tool with mis-specified p 0 )
We take the same procedure as described in the second scenario, but consider the case when p 0 is misspecified when creating N-T plot. Specifically, we consider a case where we underestimate p 0 (i.e., = p 0.30 0 in the third scenario 'lower' p 0 ) and a case where we overestimate p 0 (i.e, = p 0.50 0 in the fourth scenario). Table 1 presents the simulation results in the case of early termination for superiority at the one interim analysis which is done with 60 patients. In this table, we report power or size (overall type I error rate), the expected sample size during the study (E[M]), the probability to conduct an interim analysis (IA), the probability to terminate the trial at the interim analysis for superiority of the new therapy (Sig.IA), and the proportion of Sig.IA/IA, among 10000 sets of samples. Note that the expected sample size would also be an indicator of the expected study duration. When the expected sample size is close to 135, the study would be continued until the time of the final analysis. We also evaluated the bias of the treatment effect via
Results

For case of early termination for superiority
0 . Scenario 1-1 shows the results of the case using the conventional strategy and the other three scenarios show the results using the proposed blinded data monitoring tool under various conditions of p 0 .
For case of early termination for futility
In this setting, we consider early stopping for futility, instead of superiority. Specifically, at the planned interim analysis time point, we calculate the conditional probability. If it is below 0.2, we stop the trial. The incorporation of a futility stopping rule affects the overall type I error, but we do not adjust for it in this numerical study. Therefore, the critical p-value at the final analysis is 0.05. In Table 2 , we report the probability to terminate the trial at the interim analysis for futility of the new therapy (Fut.IA), and the proportion of Fut.IA/IA, in addition to power or size (overall type I error rate), the expected sample size during the study E[M], IA and the bias of the treatment effect under each four data monitoring scenario.
For case of early termination for superiority and futility
We now consider the case with both superiority and futility stopping rules. Specifically, at the interim analysis, we will stop the trial for superiority if the observed p-value is less than 0.01, or for futility if the conditional probability is less than 0.2. Table 3 The resulting three tables indicate that when the effect of the treatment difference is small, the chance to conduct interim analysis for superiority becomes dramatically reduced, and that for futility becomes increased by using our blinded-data monitoring tool. Furthermore, the trends of the probability to terminate the trial at the interim analysis based on superiority and/or futility conducted are not dependent the blinded or unblinded data monitoring strategies. Generally, the treatment effect simply estimated from the study data will be biased, when a stopping boundary is imposed. We find that the bias of the estimated treatment effect will be reduced by using the proposed blinded data monitoring tool, compared to the scenario when the interim analysis is precisely conducted. Interestingly, even in the cases that the anticipated rates on the outcome in the control therapy are not close to the truth, similar operational characteristics are observed. Therefore, using our blinded data monitoring tool, we can reduce the chance to conduct unnecessary interim analysis and wasting study resources, especially when there is little benefit for early stopping in the trial.
Notably, there is no gain in power by using the proposed blinded data monitoring tool, compared with the conventional method. Also, using our blinded data monitoring tool, the expected sample size will be slightly increased, compared to the conventional methods. This is because the interim analysis that meets the stopping criteria is sometimes skipped and the final analysis is then conducted with the whole planned sample size. We also find that, when the anticipated response rate on the outcome in the control therapy to create N-T plot for early stopping for superiority is underestimated (Scenario 1-3 in Table 1 ), the impact on the sample size is fairly small. On the other hand, when we overestimate the rate on the outcome in the control for early stopping for superiority (Scenario 1-4 in Table 1 ), the expected sample size is increased because most of the planned interim analyses are skipped and those studies are continued until the planned end.
Application
We illustrate how to utilize our tool using the data from newly diagnosed multiple myeloma patients who participated in a clinical trial conducted by ECOG-ACRIN [11] . The primary objective of this trial was to evaluate the 4-month response rates of the combination therapy with thalidomide and dexamethasone (therapy A), compared with the standard therapy with dexamethasone alone (therapy B). A total of 199 eligible patients were randomized to therapy A (n = 99) and therapy B (n = 100). The study showed that the response rate in the therapy A group is significantly higher than therapy B. Note that this study was designed, anticipating that the 4-month response rate in therapy B group is 60%. However, the observed response rate in therapy B was 39% in this trial.
Here, we consider that the stopping criteria are p < 0.01 for superiority and conditional power < 0.2 for futility. In Fig. 2 , there are three panels. Panel (1) shows the case that we anticipate that the response rate in the control group (therapy B) is = p 0.60. , respectively. The black solid curves show the reference boundary for superiority and the dashed curve for futility. The gray line in each panel indicates the observed N-T curve of the myeloma trial data, the three red dots on the gray line highlight the points at = N 50,100 and 199. At these time points, the observed p-values of Fisher's exact test were 0.023, 0.0089 and 0.0018, respectively, the conditional powers were 0.999, 0.989 and 1.00, respectively.
Depending on the anticipation of the response rate in the control group, one of these N-T plots will be used. If it is uncertain, several N-T plots may be used. For example, if investigators expect = p 0.40 0 is the true response rate in the control group, Fig. 2 (2) will be used. Suppose data from 100 patients are available at a potential interim analysis time point. They may decide to perform the interim analysis at that time point, as Fig. 2 (2) indicates the interim analysis will likely support early termination for superiority. With this example, if the interim analysis had been conducted, the trial would then have stopped with smaller number of patients than the planned sample size. On the other hand, when the expectation of the response rate in the control group is much higher, investigators may use N-T plot in Fig. 2 (1) . In that example, they may decide to perform the interim analysis since the N-T plot suggests the interim analysis will likely support early stopping for futility. In this manner, the N-T plot can be used to decide if it will be 
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worthwhile conducting an interim analysis during the study, based on the expectations for the response rate in the control group.
Discussion
In randomized-controlled trials, monitoring which involves interim analyses requiring unblinding of accumulated data may risk inflation of type I error rate. Using our blinded data monitoring tool, we can obtain useful reference information of blinded data and use it to assess the appropriateness of conducting a formal unblinded interim analysis. According to the results of simulations, our data monitoring tool can potentially save study resources and budget by avoiding unnecessary interim analyses. From this aspect, the blinded analyses have remarkable characteristics in terms of saving alpha and operational burden to unblind the data. Note that, when the investigators plan to conduct interim analysis and utilize the proposed monitoring tool, they should pre-specify in the protocol that there is a possibility to reduce the number of the interim analysis using that tool. For those trials where skipping any scheduled planned interim analysis is undesirable, the proposed method should not be applied.
With our method, the choice of doing an interim analysis depends on setting the p 0 parameter of the control arm. Practically, the anticipated efficacy of the control therapy often differs from the observed results. Even in such cases, nevertheless, the power and type I error of our blinded monitoring tool remain consistent with cases when the parameter is correctly specified. In the cases when the knowledge of the control therapy is somewhat vague, we recommend considering several possible parameters for the response rate of the outcome in the control arm. Using the proposed graphical tool repeated for various control rate assumptions at the time of a given interim analysis provides a comprehensive analysis and enables investigators to make an informed decision on decide whether to conduct the formal interim analysis.
In this research, we evaluated how interim monitoring of binary endpoints with data blinded, based on conventional frequentist hypotheses testing methods, impacts the operating characteristics of study design as compared with standard unblinded interim analysis with extensive numerical studies. Our approach uses accessible reference information to produce a valuable monitoring tool for assessing the appropriateness of interim analyses in standard clinical trials. Future work will examine application to other types of outcomes, e.g. continuous quantitative measures using the mean value of blinded data. We may also apply the similar approach to time to event endpoints for assessing the appropriateness of conducting interim analyses, using the mixture of two exponential or Weibull distributions for blinded data.
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